The novel calcineurin inhibitor, dibefurin, has been isolated from the fungal culture AB 16501-759. The isolation was bioactivity-directed fractionation using an assay which measures the phosphatase activity of calcineurin. The compoundwas purified by countercurrent, reverse phase and gel filtration chromatographies. Several studies, including crystallographic, NMRand MS, revealed that dibefurin is a novel dimeric compoundof a unique structural type.
In the course of screening microorganisms for the production of bioactive metabolites, a fungal culture (AB 16501-759) was discovered which was found to produce calcineurin inhibition activity. Calcineurin phosphatase is a calcium/calmodulin -regulated serine/ threonine phosphatase, which plays a key role in T cell activation. It has been shown that calcineurin dephosphorylates the cytosolic component of the NFAT complex, and thereby regulates nuclear translocation and dimerization.1 '2) This process is necessary for the production of interleukin-2 and other T-lymphocyte derived cytokines. The commontarget of the immunophilin complexes of both cyclosporin A and tacrolimus is thought to be calcineurin.3) Compoundsfound in a screen for direct calcineurin inhibitors would be expected to have immunosuppressant activity independent of the requirement for cyclophilin or FKBP. Direct calcineurin inhibitors may be useful in distinguishing the immunosuppressive activity of such agents from any complications which may arise from inhibition of the peptidyl prolyl isomerase activity of the immunophilins.
Using an assay for the phosphatase activity of calcineurin, bioactivity-directed fractionation of an extract of a stationary fermentation of AB 16501-759 provided a novel microbial metabolite of a unique dimeric structural type (1), dibefurin. Dibefurin appears to be a dimerization derivative of 4,5,6-trihydroxy-7-methyl-(l//,37/)-dihydroisobenzofuran.
Both the monomer and the dimer are novel. The monomerfrom which dibefurin is derived, could itself be a derivative of flavipin (2), a fungistatic agent produced by Aspergillus flavipes.4)
Phenolic substances are commonlyencountered as mold metabolites.5) The structure of dibefurin was elucidated mainly by NMR,MSand crystallographic studies. The dibefurin producing strain characterization, fermentation, isolation, structural determination and some biological data are outlined in this paper.
Characterization of the Producing Strain
The appearance of colonies of strain AB16501-759 was quite different whenthe culture was grownunder continuous fluorescent light than when grown in the dark. Although the colonies were usually quite irregular in the dark, the culture formed regular, round colonies when incubated in the light. Colonies grew faster in the light. Also, the mycelium had a sectored appearance in the dark, and different pigments were produced under each incubation condition. Strain AB16501-759 formed a soluble brown pigment on potato dextrose agar (PDA, Difco) in the dark but not in the light. No reproductive structures were ever observed under any growth con- was 42~45 mm.Colonies on this medium were pale pink (7) and had a downy to woolly texture. The reverse of the colonies was deep yellowish brown (75) in the center and deep red orange (38) away from the center. On PDA, the colonies measured 54~58 mmin diameter. The center was raised, and the center and outer margin had a felty texture. The rest of the colony was floccose with clear strong orange yellow (68) exudate. The colonies were zonate. The center and edge were yellowish white (92). The rest of the colony was colored deep orange yellow (69). The reverse was dark reddish orange (38) to strong reddish brown (40) with a light orange yellow (70) edge.
No soluble pigment was produced on either of these media.
In the dark, growth was irregular on Blakeslee's malt extract agar, and the colonies measured 24~34mmin diameter at different points. The colonies had a cottony texture. They were colored purplish white (232) with a strong orange yellow (68) center. The reverse was dark grayish brown (62) in the center, and the rest of the colony was mottled moderate brown (58) and grayish yellow (90). On PDAin the dark, the colonies were also irregular with radial growth measuring 23~33 mmin diameter. The myceliumwas very dense with a woolly texture and cottony overgrowth. The colonies had deep radial furrows. The colonies were colored grayish yellow (90) to pinkish white and often appeared sectored. The reverse was dark grayish brown (62), and the culture produced a light brown soluble pigment (57).
Microscopically, the hyphae grown in the light at 25°C for seven days were 1~3 jam in diameter whenmounted in lactophenol.
They were branched and septate. No clamp connections were observed. No reproductive structures were ever formed on a variety of media either in the light or dark. Fermentation
Dibefurin was produced by solid state fermentation in a modification of a procedure described previously.6) Fungal strain AB16501-759 was maintained as frozen mycelium at -70°C and used at 1% to inoculate 500-ml a molecular formula of C18H16O8. Since the 13C NMRindicates only nine carbons and the XH NMRonly eight protons, in view of the mass spectroscopic data, one can assume that dibefurin is a symmetric dimer. The proton NMRin T)MSO-d6 consists of two pairs of methylene doublets and two singlets (Table 1) . In a long range COSYand a ROESYexperiment the C-l methylene protons show cross-correlation peaks to the C-7 methyl and the C-3 methylene protons. HMQC/HMBC experiments indicate the fusion position of this dihydrofuran moiety on the six-membered ring with important three bond couplings seen between the C-4 carbonyl and the C-3 methylene protons,
and between the C-7 olefinic carbon and the C-l methylene protons (Fig. 3) . Chemical shift considerations and the HMBC experiment establish the six membered ring portion of the molecule, noting the coupling between the C-6 carbonyl and the C-7 methyl protons. Three bond couplings seen between the C-5 carbon and the C-3' methylene protons, as well as between the C-3a carbon and the 5 -OH hydroxyl proton, illustrate the dimeric nature of this compound. A3, Z-l, Deal= 1.303g/cm3. The structure was solved with SHELX86.The structure was refined by the full matrix least-squares method. The final full-matrix leastsquares, with anisotropic temperature factors for all non-hydrogen atoms, converged with an r factor of 0.093 (Rw-0.104, S=9.13). Fig. 4 is an ORTEP drawing of dibefurin with thermal ellipsoids scaled at the 50% probability level for non-hydrogen atoms.
Materials and Methods
The Producing Strain The accession code at this depository is NRRL25063. The colors and numbers in parenthesis in the culture description follow the ISCC-NBS Centroid Color Charts.
Assays
The assay for phosphatase activity of calcineurin has been previously described.8) Bovine brain calcineurin and calmodulin (Sigma) were used.
The two-way mixed lymphocyte reactions were performed using splenocytes from Balb/c and C57BL/6 mice as previously described.9) The lymphocyte toxicity is measured using formazan dye as previously described.9) NMR spectra were acquired employing a Varian Unity 300 or 500 spectrometer. Mass spectra were recorded on a Finnigan-MAT-TSQ700 or VG70-SEQ spectrometer. UVspectra were recorded on a Hitachi U-2000 spectrophotometer, and IR spectra on a Nicolet 5SXCFT-IR instrument using a KBr pellet. Crystallographic data collection was performed on a Rigaku AFC5R difractometer.
